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Abstract 


Surface-dressed  Bloch  equations  are  derived  from  a 
microscopic  Hamiltonian  which  includes  the  interactions  among 
an  adatom,  the  laser  photon  and  the  phonon  modes.  The 
influence  of  the  surface  on  the  population  inversion  of  the 
adatom  is  analyzed  in  terms  of:  (i)  the  reflected-field-induced 
damping  factor  which  depends  on  the  orientation  of  the  transition 
dipole  and  the  adatom- surface  separation  and  (ii)  the  frequency 
shift  and  damping  factor  induced  by  the  phonon  inodes. 
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I .  Introduction 


The  interaction  of  laser  radiation  with  matter  in  homogeneous 
systems  has  been  extensively  studied  for  the  past  several  years 2 
However,  for  heterogeneous  systems  (e.g.,  gaseous  atoms  near  or 
adsorbed  on  a  solid  surface)  the  laser-stimulated  surface 
phenomena  (desorption,  dissociation,  migration  and  reactions) 

involving  both  multiphoton  and  multiphonon  processes  have  been 

3-5 

only  recently  attacked.  In  previous  studies,  we  have  investi¬ 
gated  the  excitation  and  relaxation  dynamics  of  adspecies  subjected 

to  IR  radiation  in  which  only  the  vibrational  degrees  of  freedom 
4 

are  concerned.  In  the  present  paper,  we  shall  investigate  the 
electronic  excitation  of  a  two-level  atom  adsorbed  on  a  metal 
surface  and  subjected  to  UV  or  visible  laser  radiation.  In  the 
absence  of  a  solid  surface  or  when  the  atom  is  very  far  from  the 
surface,  the  population  inversion  and  the  power  spectrum  of  the 
system  may  be  described  by  an  ordinary  optical  Bloch  equation 
(OBE) .  In  the  presence  of  a  surface  at  a  distance  from  the 
adatom  which  is  comparable  to  the  optical  wavelength,  the 
dynamical  phenomena  are  influenced  by  the  following  factors: 

(i)  nonradiative  energy  relaxation  of  the  excited  atom  via 
electron-phonon  coupling;  (ii)  radiative  spontaneous  decay  and 
stimulated  emission  produced  by  both  the  applied  field  and  the 
reflected  field;  (iii)  the  oscillatory  behavior  of  the  lifetime 
of  the  adatom  due  to  the  interference  between  the  applied  field 
and  the  reflected  field;  (iv)  the  reflectivity  and  refraction 
index  of  the  surface;  (v)  surface-induced  dephasing  of  the 


dipole;  and  (vi)  interaction  between  the  adatom  and  plasmons; 
as  a  first  step,  we  assume  that  the  effects  of  the  conduction 
electrons  in  the  metal  just  provide  a  reflected  field  acting 
back  to  the  adatom. 

II.  Microscopic  Hamiltonian  and  Surface-Dressed  Bloch  Equations 
To  investigate  the  above  surface  phenomena,  we  start 
with  a  microscopic  Hamiltonian  describing  a  two- level 
adatom  subjected  to  laser  radiation, 

B  -  Ha  +  Hb  +  8p  +  Bm  +  Haf+  H**  +  Hgj,.  (1) 

Ha,  Hb  and  Hf  are  the  unperturbed  Hamiltonians  for  the  adatom, 
phonon  and  photon  (laser)  modes,  respectively;  HAB'  haf  and 
H._  describe  the  interaction  of  the  adatom  (A)  with  the  phonon 
bath  (B)  inodes,  the  applied  field  photon  (F)  inodes  and  the 
reflected  field  (R) ,  respectively;  and  HfiF  is  the  interaction 
between  the  B  modes  and  the  applied  field.  For  a  laser  frequency 
in  the  visible  to  UV  range,  the  phonon  (B)  modes  have  much 
weaker  absorption  compared  to  that  of  the  adatom,  and  thereby 
the  direct  heating  of  the  substrate  due  to  HgF  is  negligible. 

In  this  work,  the  effect  of  H1?  will  be  displayed  in  terms  of 
the  strength  of  the  reflected  electric  field  due  to  the  reflec¬ 


tivity  of  the  surface. 

Employing  Pauli's  matrices  for  the  two-level  adatom  and 
harmonic  ladder  operators  for  the  photon  and  phonon  modes,  the 
total  Hamiltonian  may  be  Expressed  in  a  second-quantization 


v»; 
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V  V  v 


form  which  leads  to  the  equations  of  motion,  in  the  rotating- 

4 

wave  approximation,  as  follows: 


aX2  «  “iu*0o12  +  iKBv°3  +  i?CXaX°3  "  YR°12  ' 

V  A 

®3  '  JifCX  <4I°12  +  »X°21>  +  2ilGV<Bt°  12  +  Vai’  ' 


aA  -  -iuax  +  icx012  , 


K  *  'i“vBv  "  *I°v"v°12  • 


°ij  **  *s  the  atomic  transition  operator,  o3  *  o22  - 

and  u0  and  to  are  the  adatomic  transition  and  laser  field  frequencies, 
respectively;  and  Gv  are  the  coupling  coefficients  in  the 
interaction  Hamiltonians  and  H^,  respectively;  the  multi¬ 
phonon  processes  are  governed  by  the  phonon  operator,  Bv, 
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frequency,  to  ,  and  occupation  number,  N^,  given  by 


*  fy  %  *  ]ui  ' 


N  (T)  «  n(n,  +  1)  -  Hn.  , 
V  j  1  jJ 


Hjrt)  -  (a*“j/kT  -  l)"1 


where  is  the  frequency  of  the  j-th  phonon  mode  with  a 


thermal  equilibrium  occupation  number  at  temperature  T  defined 
by  Eq.  (3c).  The  applied  laser  field  is  quantized  by  its  ladder 
operator  a^  for  the  X-th  mode. 

The  effects  of  the  quantized  reflected  field  come  in  through 


the  last  term  in  Eq.  (2a) ,  which  depends  on  the  damping  factor  -yR» 


Yr  =  2|y12|2Imf/*>  , 


(4) 


where  v12  the  electric-dipole  transition  matrix  element  between 
states  |i>  and  jj>.  The  function  f  (d)  £  Ref  (d)  +  ilmf(d),  depending 


on  the  orientation  of  the  dipole  with  respect  to  the  surface,  is 
6 


given  by 


fx(d) 


-R 


f)[(»3> 


(2d) 


>2id 
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(5a) 


fn(d) 
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(2d) 


2d 


(2d) 


2id 
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(5b) 


for  the  perpendicular  and  parallel  cases.  The  reduced  distance 
is  d  ■  d/^f  *  2trd/X ,  where  d  is  the  distance  of  the  adatom  from  the 
surface  and  X  is  the  wavelength  of  the  field.  R  is  the  reflectivity 
of  the  surface  taking  into  account  the  interaction  between  the 
phonon  modes  and  the  field,  HRp*  Since  R  #1,  we  shall  neglect 
the  effects  of  H__  and  assume  a  perfectly  reflective  surface. 


L.-'-3^i  V.  IV.  J±ZA 
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With  the  help  of  many-body  techniques  applied  to  multiphonon 
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processes,  '  we  obtain  the  surface-dressed  Bloch  equations  (SBE) : 


&  - 


ft  v|  +  y,  0 


“V  lw 


u  and  v  are  the  components,  in  units  of  the  transition  moment, 
of  the  adatomic  dipole  moment  "in  phase"  and  "in  quadrature"  with 
the  applied  field,  w  is  the  population  inversion,  w  =  <o^>,  with 
the  equilibrium  value  weq,  where  weq  *  -1  for  the  adatom  initially 
in  its  ground  state  and  weq  *  1  for  the  excited  state,  ft  *  |u12E0l/h 
is  the  Rabi  frequency  and  is  proportional  to  the  amplitude 
of  the  applied  electric  field.  Eg,  which  is  assumed  to  have 
a  slowly-varying  envelope,  and  y2  are  the  relaxation 
factors  for  the  inversion  and  for  the  dipole,  respectively,  and  A  is  the 
effective  detuning  of  the  laser  field  frequency  with  respect 
to  the  adatcmic  transition  frequency.  These  surface-dressed  parameters 
are  related  to  the  surface-free  parameters  by 


A  *  A  +  6wf  +  6u)g, 


Yi  -  2(yb  +  A/2) 


Yt»  +  A/2  +  Y,  +  Y, 
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where  i  «  oij  -  u  is  the  surface-free  detuning,  A  is  the  Einstein 
coefficient  for  spontaneous  emission,  6u>F  and  6u>B  are  the  frequency 
shifts  due  to  the  applied  field  and  phonons,  respectively,  and 
Yb  and  y2  are  the  phonon- induced  energy  (T1)  and  phase  (T2)  relaxa¬ 
tion  rates,  respectively.  The  phonon- induced  frequency  shift  and 
damping  factor  are  given  by^ 


6  oj 
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|  G  1 2N 
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Yb  *  XlGvl  Nv  6(u)0  ■  “v> 


(8a) 


(8b) 


which,  in  contrast  to  that  of  the  optically-induced  parameters, 
are  strongly  temperature  dependent  through  the  multiphonon 
occupation  number,  Nv (T)#  given  by  Eq.  (3b).  We  note  that  these 
features  of  temperature  dependence  disappear  when  just  a  single¬ 
phonon  process  is  considered  in  H^. 

The  steady-state  population  inversion  is  found  analytically 


to  be  (for  «=  -1 ) 
eq 


w 


s.  s. 


(V?i,n 
1  +  .1  ■■■)' 


r  2  ,  -.2 

A  +  y2 


(9) 


which  is  sensitive  to  the  reduced  distance  and  dipole  orientation 
through  the  surface-dressed  parameters  >2  an<^  A.  We  see  from 
the  above  equation  that  the  criterion  for  the  weak-field  limit  in 
the  SBE,  given  by 


7- 


n2  «  (22  +  y2)y1/y2 

is  a  weaker  condition  than  that  in  the  surface-free  OBE  due  to 
the  surface-dressed  parameters. 

III.  Discussion 

The  SBE  displayed  in  Eq.  (6)  are  different  from  the  surface- 
free  OBE  due  to  the  influence  of  the  reflected  field/  yR,  and  the 
effects  of  the  electron-phonon  coupling,  6u>B  and  yb.  We  note  that 
these  surface-induced  effects  are  characterized  by  various  system 
parameters  such  as  the  temperature  of  the  surface,  the  orientation 
and  position  of  the  induced  dipole  of  the  adatom,  the  transition 
frequencies  of  the  adatom  (o)Q)  and  the  phonons  (uk),  and  the  wave¬ 
length  of  the  applied  field.  For  example,  by  the  concept  of  the 
"energy  gap  law" ,  6uB  and  yR  increase  when  the  temperature  of  the 
surface  increases  and/or  the  order  of  the  multiphonon  coupling,  p, 

defined  by  p  =  (u>B  +  6wA  +  6u>B)/u>j  where  6wA  is  the  frequency  shift 

4  5 

due  to  the  multimode  property  of  the  laser,  decreases.  *  Fran  Eqs.  (4)  and 
(5),  we  see  that  yR  is  sensitive  to  the  reduced  distance,  d  =  d/2Trl, 

A 

where  for  sufficiently  small  d  the  value  of  oscillates  as  a 
function  of  d,  as  does  also  the  lifetime  of  the  adatom. 

In  conclusion,  we  have  shown  that  from  a  microscopic  Hamil¬ 
tonian  the  SBE  can  be  obtained,  which  exhibit  important  surface 
effects  on  the  excitation  of  a  two-level  atom.  The  results 
suggest  that  monochromatic  laser  radiation  might  be  used  not  only 
as  a  characterization  of  surface  adspecies,  such  as  orientation, 
but  also  as  a  probe  of  the  dynamics  of  rate  processes  occurring 
at  a  solid  surface  both  for  vibrational  and  electronic  excitations. 
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